INTRODUCTION
In this paper I will cover briefly the whole gamut of seismic interpretation as it is practised in the search for petroleum (naturally occurring oil and gas) from basic geological concepts to the most advanced and subtle methods. At the end of the paper is a list of selected books for further reading.
Seismic reflection exploration-the study of the earth using sound waves reflected from beneath the surface-is the dominant method in exploration geophysics. Most people involved in exploration geophysics are specialists; each often regards his own field as an end in itself. It is not. Exploration geophysics is merely a tool we use to look at the geology of a part of the earth we can neither sample nor visit in person. The geological understanding which we build using geophysics and other geological tools is itself only a tool used to detect a probable oil or gas field.
Seismic interpretation is the interface between the exact mathematics of seismic data processing and inexact geological reasoning, inexact because it is always based on incomplete data. The earth is so complex that we never have a complete picture. 
II. GEOLOGICAL CONCEPTS FOR OIL AND GAS FIELDS

A. Where Oil and Gas are Found
Almost all oil and gas deposits occur in sedimentary rocks: rocks formed by the mechanical or chemical deposition of material by water or wind action. Sediments which may in time become sedimentary rocks are formed when a river deposits silt into the ocean; when a dust storm carries topsoil into the next valley; when a river floods its banks; when a storm washes beach sand into deep water; and during many other frequent or infrequent natural phenomena. Most of these sedimentary processes deposit their sediments in a relatively thin layer, but over a large area. A sedimentary sequence makes up the prospective volume in which we search for oil. This search space is formed as a horizontally layered medium, at least to a first approximation ( Fig. 1) .
Most petroleum geologists agree that oil and gas are derived from organic material deposited and accumulated with the ancient sediments which have become sedimentary rocks. Oil and gas have formed in these rocks from the organic material under the influence of an elevated temperature for a prolonged period. The first requirements for an oil or gas deposit are therefore a source rock with adequate organic material, and a geological history which includes adequate heat treatment. This heat treatment is produced by depth of burial of the sediment, and the effect of it on organic matter is called "maturation."
As petroleum or its source rock matures, the organic matter is changed in nature in a definite sequence:
No petroleum, or small quantities of bacterially proHigh viscosity (low "API gravity") oil: difficult to produce Low viscosity (high "API gravity") oil: the most desirable "Wet" gas: gas containing some components which are Dry gas: nearly pure methane.
duced methane.
and to refine.
kind.
liquid at surface temperatures and pressures.
The first requirements for the occurrence of petroleum in an area are a source rock with enough organic matter of the right type, and the right degree of maturation. Marine shales deposited in a near shore environment are the most common source rock. Lake deposits are also locally important, for example in the Uinta Basin of Utah.
B. Reservoir and Cap Rocks, and Pore fluids
When sediments are deposited, they usually consist of loosely packed mineral grains with the "pore space" between them making up a large part of the total volume. This space is usually filled at first with water. At the same time as oil is formed in the source rock under the influence of high pressure and elevated temperature, the rock is being compacted by the increasing pressure. The compaction takes place by a reduction of the porosity of the rock, which means that the pore fluids, including any oil or gas, are expelled. The pore fluids move preferentially into rocks where the pores between the grains are connected, so that fluids can flow readily through the rock. Such a rock is "permeable." A porous and permeable rock containing oil or gas is called a reservoir rock (see Fig. 2 ).
It is usually sandstone or limestone, but other rock types (including some nonsedimentary rocks) are of local importance as reservoirs.
If the reservoir rock is open to the atmosphere, any oil or gas in it will eventually escape to the surface and be lost. So an essential factor in an oil or gas accumulation is an impermeable seal or cap rock ( fig. 2) . Most cap rocks are shales, but almost any rock type is sometimes impermeable, and so could function as a cap rock. Within a reservoir rock which has been sealed by a cap rock, the pore fluids-oil, water (usually salt water), and gas -separate into layers on the basis of density. Gas, being the lightest of the three, forms the uppermost layer, oil forms the second layer, and water underlies the oil (Fig. 2) . Sometimes only water and oil are present, sometimes only water and gas.
The water/oil or water/gas interface is more or less horizontal. In order for an oil or gas pool to form, the water/oiI or water/gas contact must meet the cap rock in all directions. The oil or gas is then trapped by the cap rock above and t o all sides, and the water below. There are two main classes of trap: structural, in which the horizontal layering of the sedimentary rocks has been distorted by folding or faulting; and stratigraphic, where the trap is closed by geological features (usually depositional or erosional) which differ from plane layering (Fig. 2) . Probably most petroleum fields are really combination structural and stratigraphic traps.
C. Structural Traps
In a structural trap, initially flat-lying sedimentary layers have been distorted so that elevation contours on the cap rock/reservoir boundary are closed. fig. 3 shows a typical anticline, a structural trap of the simplest type. Other structural traps may have the closure of the contours dependent upon a physical rupture of the sedimentary layers ("faulting"). Most oil and gas discovered has been found in structural or mainly structural traps. Of the 187 oil fields known in 1968 to have reserves greater than 500 million barrels (a barrel is 159 litres, or 42 US. gallons), 167 had entirely or principally structural traps [I] . Of the 34 giant fields found since 1968 and described in AAPG Memoir 30 121, 29 have structure as the main component of the trap.
Most structures which form petroleum traps have one of three origins: movements deep within the earth's crust, such as those flow of salt or shale; differential compaction. associated with earthquakes; Salt flow is important in about three quarters of the world's largest oilfields. When water is trapped in a restricted basin, the salt in it is deposited as the water evaporates. A good modern example is Great Salt Lake in Utah. In time, other sediments are deposited on top of the salt, and the salt is buried. Initially, the other sediments-sand and clay-are lower in density than the salt; but as they are compacted their density increases so that they are heavier than the underlying salt. Differential pressure from the weight of the overlying sediments will then force the salt (which is easily deformed) to flow from locally low areas to locally high areas, exaggerating any slight undulations in the top of the salt, and folding the overlying sediments. The process may stop at that stage, leaving "salt swells," or it may continue until the salt forces its way up through the overlying sediments in a "diapiric" intrusion. If the salt mass is approximately a vertical cylinder, it is called a "salt dome." Sometimes, when clay or shale is rapidly buried, especially under an impermeable layer, the water in its pores cannot escape. It then becomes "overpressured," and may flow in the way salt flows to cause similar structures.
All sediments are compacted as they are buried, but the amount of compaction varies with the type of sediment. Sands may compact by 25 percent while shale under the same conditions compacts by 40 percent, and peat compacts to form coal by up to 90 percent.
Differential compaction occurs when the amount of compaction below a marker bed varies horizontally. The horizontal variation can be caused by changing sediment types-for example, a sand bar formed in a stream may have silt from the flood plain to each side of it-or by buried topography. Differential compaction tends to increase existing structural relief, because sands tend to be deposited in shallow water.
D. Stratigraphic Traps
A stratigraphic trap occurs when the reservoir rock is surrounded by an impermeable barrier, not because initially horizontal layers of sediments have been distorted, but because the sediments have been deposited that way. Stratigraphic traps include reefs, sand bars, places where tilting and erosion of older sediments have left upturned edges to be sealed by new deposition (unconformity traps), and many other types of feature.
A "pinchout" or "wedgeout" occurs when a geological formation thins laterally until it disappears completely. If this thinning takes place in the direction of general shallowing of the sedimentary layers, and the thinning formation is a reservoir rock, the pinchout may be an oil or gas trap. The most famous such field is the East Texas field, inadvertently discovered in 1930 by a well drilled on a totally incorrect theory. It has produced oil worth more than 100 billion dollars at 1984 prices.
A facies is a locally restricted variation in a sedimentary rock caused by the conditions that were present when a rock was deposited. For example, a rock unit may have a "littoral" (shoreline) facies in one place, and a marine facies somewhere else, but because it can be traced laterally between the two facies, it is still considered to be a single stratigraphic unit.
Lateral changes in the facies often produce lateral changes in porosity and permeability. A single sedimentary layer may change from impermeable to permeable and back to impermeable again. This produces the basic requirement for a trap: a permeable body of rock with a structurally high area surrounded by impermeable rock.
Geologists use the word "reef" to describe a sedimentary structure formed by a local accumulation of the calcareous remains of marine organisms: the hard parts of coral, shellfish, etc. A reef was a topographic high on the ancient sea floor, usually with steep sides; today it is usually a steepsided block of limestone, often surrounded by shale.
Reefs have formed the reservoirs for few giant oil fields, even though they are easily found, especially if large. Reefs often form fields which are small but highly productive, and often occur in clusters. They are locally very important in some areas, including Alberta and West Texas.
Ill. MAPPING GEOLOGICAL STRUCTURE
A. Mapping Reflection Time
The previous section describes where oil and gas occur. These accumulations are usually buried beneath thousands of meters of rock, with no surface clue to their locations. The goal of seismic exploration is to build an image of the geological structure of the earth to a depth of several thousand meters, so that we can identify potential petroleum traps.
In seismic reflection exploration, an acoustic energy source (usually a dynamite charge or a mechanical vibrator) is activated at or near the surface of the earth. Energy propagating into the earth as compressional elastic waves ("P-waves") is reflected at interfaces between rock bodies with different elastic properties. These reflections are detected by a "spread" of velocity-sensitive motion detectors ("geophones" or "receivers") arranged in typically 96 "groups" or "arrays" (of 12 to 24 geophones) at equal intervals along a line of survey or "seismic line." The experiment is repeated with the energy source and the spread moved together in steps (of 1 to 4 geophone group intervals) along the line until the area of interest has been crossed. Seismic interpretation is the analysis of the geological significance of these reflections, after they have been recorded and processed. Seismic data processing is the manipulation of the recorded data so that interpretation is easier. In the simplest case, a reflection from an interface occurs on the seismic record at the time required for a wave to travel from the surface to the interface and back to the surface. If we know the velocity, o r can estimate it from the seismic data, we can calculate the depth. From the repetition of the seismic experiment along the line, we can build up a "seismic section" (Fig. 1 is an example) where the depth of geological interfaces is a function of the time of reflections on the section. Where there are lateral variations in the depth of reflecting interfaces, we can see them as lateral variations in reflection time. The primary application of seismic reflection data is the use of reflection time to map the depth of subsurface geological interfaces.
An ordinary seismic section simulates a set of traces recorded by coincident sources and receivers at intervals along the line. For hen-zontal layering, the reflection point lies directly below the surface source and receiver, so the reflection event on a seismic trace lies in its correct lateral position on a normal section. But if the reflector is dipping (tilted), the reflection comes from a point laterally in the up-dip (shallower) direction from the source/receiver point, and from a depth which would show a shorter reflection time for a horizontal reflector. The process of restoring a dipping reflection event to its correct lateral position and to the time corresponding to a vertical travel path is called "migration" (Fig. 4) ; see also Figs. 
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The first step in a structural interpretation is to pick an identifiable reflector close to the target depth and make a contoured map of the reflection time to the chosen horizon. Ideally, we use migrated sections, but an interpreter may use an unmigrated section. This will not introduce significant errors if dips are small, but if there are dips over about 5' the interpretation will seriously exaggerate the width of anticlines. Also, if interpretation is based on unmigrated sections, small features such as minor faults will not be seen.
Making a reflection time map is one of the principal functions of a seismic interpreter. The first step is to identify a reflector to map. An interpreter usually picks either a strong continuous reflection, or one which is known from drilling to be close to the target. He then follows the reflection along the seismic section, usually marking his pick in colored pencil on a paper copy of the section. At line intersections, he transfers the reflection time to the intersecting line; when a closed loop is completed through the intersection of three or more lines, he checks that he is still following the same reflection. If he is not, he must go back over the sections to find his mistake.
When he has picked a reflection to his satisfaction, the interpreter measures the reflection time at close intervals along each section, and writes the times in the appropriate place on a map showing the positions of geophone and source stations. He then contours the map at a suitable time interval, typically 0.010 or 0.020 s.
Recently, the procedure has been mechanized in many offices. Instead of timing the reflections by hand, the interpreter fastens his picked section to a digitizing table and enters the reflection picks directly into a computer, which adds them to a database. The contoured map can then be drawn automatically. A further degree of mechanization uses "interpreters' workstations" which allow the interpreter to manipulate the data in a digital form, viewing the sections on a video screen instead of on paper, and marking his interpretation with a light pen or by using a mouse instead of a colored pencil. The workstation has the advantage that the interpreter can process the data to some extent while interpreting them. He can flatten a reference reflector, for example. it is also easy to bring two different lines alongside each other, or to enlarge detail. Color can also be used more readily than on paper. Current workstations are restricted by the low resolution of the available graphics, and by the time taken to display screen images.
Historically, seismic interpretation has often stopped at the reflection time map, and well sites have been picked solely on that basis. In most parts of the world, any petroleum fields which are going to be found that way have already been found; and many dry holes have been drilled because interpretation has not been taken any further. A structural trap is formed by structure in depth relative to sea level, not in time.
B. Depth Conversions
Conversion from time to depth involves velocity. If velocity were uniform, conversion would not really be essential, and if velocity were known, conversion would be straightforward. The problems of depth conversions are considered in another paper in this issue; here we will look at an example of problems in interpretation resulting from poorly known and varying velocities. on the crest of the time anticline; the oil-water contact, which is horizontal and marks the limits of production, is shown as a broken line. The well is less than 1 km from the edge of the field, and if the field had been slightly smaller would have missed discovering oil worth more than 25 billion dollars at 1984 prices. The true structural picture is shown by the depth map (Fig. 6 ). In this case the structure in reflection time was severely distorted by a buried submarine canyon in the overlying section.
C. Mapping Intervals
A lateral change in the thickness of a sedimentary sequence is often a key to structure at the base of the sequence, even when the structure cannot be mapped directly because velocities are not well enough known. Lateral changes in thickness are mapped as the reflection time interval between the reference horizon and the deeper target horizon. Converting this interval to a depth interval, or even using the map directly in time, is often more reliable than working from the surface because the interval is more likely to have constant velocity laterally than the whole section is.
Interval maps based on a shallow, subhorizontal reflector often give an accurate picture of the relative structure on a deep horizon. If there is significant structure on the shallow reference horizon, the interval map will show what the structure on the target horizon was at the time of deposition of the reference horizon. This structure could help the interpreter to decide where the oil migrated; if a structure had not existed when the oil migrated, but had only formed comparatively recently, it is unlikely to contain any oil. A pitfall with using intervals is the effect of differential compaction.
D. integration with Well Data
In most petroleum provinces, the only geological data available to supplement the seismic recordings are the logs of exploration wells drilled in the search for oil or gas. A log is recorded by lowering down a well an instrument which measures some physical property of the surrounding rocks. Most logging is done before casing (the steel tube which lines a well) is set, so that measurements are not affected by the casing. These logs give very fine vertical detail, but they only sample the subsurface at widely spaced points (where wells have been drilled). Typical logs are an electric or induction log, which measures resistivity, a gamma ray log, and a sonic (acoustic velocity) log. The log of most interest to the seismic interpreter is the sonic log, because it measures the same elastic parameter directly as is measured indirectly by the seismic reflection recordings. The other logs are valuable because they usually define the rock type with considerable accuracy, so the seismic record can be related to rock type at well locations. Integrating information from wells is an important part of seismic interpretation. Interpretation of seismic data is an inversion problem, in which geophysical measurements are used to deduce the nature and position of rock bodies, and as in most inversions, there is no unique solution. Well information can restrict the range of possible solutions.
Iv. WHAT MORE CAN WE HOPE TO %E?
A. The Physical Significance of Seismic Measurements
The geological significance of seismic information is limited by the nature of seismic waves. We measure elastic wave motion. Therefore, we have no possibility of seeing geological features which do not affect the propagation of elastic waves. Most seismic exploration further limits what can be seen by recording only P-waves (in which particle motion is in the direction of wave propagation). This means that the only physical variable which affects the amplitude of the seismic data i w u s t i c impedance: the product of density and P-wave propagation velocity. The reflection time is dependent on the P-wave propagation velocity and the depth of each reflector. If we were to record horizontal components we would have at least the possibility of seeing some "S-waves" (in which particle motion is perpendicular to the direction of propagation). ranges from about 1 .I to 2.7 for the same range of materials in the same order (but note that salt has a high velocity of about 5 km/s and a low density of about 2.1; and coal has low velocity but even lower density). The range of velocity and density of some typical sedimentary rocks is shown in Fig. 7 , in which P-wave velocity is plotted against density on a log-log scale. With the two exceptions noted above, all rock types fall close to one straight line. The variations within one rock type are greater than the variations from one rock type to another. The main factor producing both density and velocity variations in sandstone, shale, and limestone is porosity. The highest velocities are associated with very low porosity, while the lowest velocities correspond to about *percent porosity.
The acoustic impedance of .earth materials therefore ranges from about 280 units to nearly 19000 units, a ratio of more than 60:l. Consolidated sediments (coal excepted) have a minimum density of about 2.0 and a minimum velocity of about 1800 m/s, so below the unconsolidated near-surface layer the range of acoustic impedance is from The reflection coefficient at a geological boundary is defined as the ratio of the amplitude of a reflection to the incident wave amplitude. If we allow the receiver to be separated ("offset'? from the source, a major interpretational problem arises: the incident P-wave is partly converted to reflected and transmitted S-waves (Fig. 8) range of offsets so that the redundancy can be used to improve the signal-to-noise ratio) are processed to simulate zero-offset recordings or "traces." In the zero-offset case, the S-wave terms are zero, so the incident energy is partitioned only between the transmitted and reflected P-waves. The reflection coefficient at the interface in Fig. 8 
C. The Convolutional Model and Resolution
The zero-offset seismic trace can be visualized as the convolution of the earth's reflection coefficient sequence with the seismic energy source response, the earth's filtering effect, the geophone response, and the recording system response, with noise added
F( t )
is the time series which constitutes the seismic trace. R( t ) is a sequence of delta functions, each of which represents a reflecting interface; the reflection coefficient at each interface is equal to the amplitude of the delta function, and the time of the delta function is equal to the two-way travel time of a P-wave from the surface to the reflecting interface and back to the surface, W ( t ) is a composite wavelet consisting of the convolution of the impulse response of the earth as a filter of transmitted seismic waves, with the impulse responses of the energy source, the receivers, and the recording system. N ( t ) is added noise.
The reflection series, R(t), are the ideal data for the interpreter to use. Therefore, most seismic data processing is an attempt to eliminate or reduce the effect of the other terms on the right-hand side of this equation.
I )
Vertical or Depth Resolution: Our ability to separately identify or resolve reflections is therefore proportional to the bandwidth of W(t). In practice, a bandwidth greater than 50 Hz is rare. The resultant resolution of 20 ms means that a two-way reflection time difference of less than 20 ms will result in distortion of the wavelets due to interference between the two reflections. A typical problem where two close reflectors must be resolved, is the measurement of the thickness of a reservoir rock by mapping the separation between the top and bottom reflections. If the propagation velocity in the reservoir rock is 2000 m/s, the limit of resolution of its thickness is 20 m.
2) Lateral Resolution and Dip: It is very convenient that the earth is more or less horizontally layered. The physics of wave propagation in a horizontally layered medium is analytically much simpler than the general case of wave propagation in an inhomogeneous medium. The concept of a layered earth gives geologists a way of describing rock bodies so that some order can be brought to a very complex earth. Most petroleum geology and all seismic reflection theory used in current practical applications assumes a horizontally layered earth. But there is a paradox in that where the earth most closely fits the model is the least likley place to find petroleum. Our seismic theory fits quite well for dips-angles of tilt of the sedimentary layers-up to about 5 ' , and moderately well for dips up to about 15'. Beyond that point, the errors increase rapidly so that it is usual for reflections from layers dipping (tilted) more than 45' to be distorted beyond recognition.
Lateral resolution is the horizontal equivalent of vertical resolution. Because oil and gas never occur where the earth consists of uniform horizontal layers, some resolution of lateral changes is needed. Most petroleium traps are much larger in lateral dimensions than in vertical dimensions, so historically less lateral resolution has been required. But as the search has been directed to subtler traps, and to smaller traps, improvements in lateral resolution have been sought.
An unmigrated seismic section does not show accurately the position of any lateral variations in the geology, and so is not a reliable tool where any degree of lateral resolution is important. But a migrated seismic section can have, in principle, resolution as precise horizontally as vertically.
In the real world, almost everything conspires against lateral resolution. Lateral resolution is conveyed by reflection (and diffraction) events which do not propagate vertically. The geophone and source arrays attenuate these events, the travel path is longer, so attenuation of high frequencies is greater, and processing theory is inaccurate for them. In most cases the distortion of dipping events becomes so large that they are unusable at dips beyond about 45'. Even at this point, typical field techniques currently in use do not give adequate spatial sampling.
D. Reflection Amplitudes
Until about ten years ago, the seismic reflection method was used almost exclusively to map the positions of subsurface layers. But recently, the industry has spent a lot of time and money analyzing amplitudes in the hope of identifying the type of rock and the fluid content. This is a vain hope, because there is a large overlap between the acoustic impedances of different rock types. In general, limestones have higher acoustic impedances than shales or sandstones, but shales and sandstones have much the same acoustic impedance as each other. For shale and sandstone, the main factor controlling acoustic impedance is porosity, which in turn appears to be largely dependent on maximum depth of burial. Fluid content of the pore space also affects the acoustic impedance of sandstone and shale, especially when the fluid is gas.
For many years, direct detection of hydrocarbons has been the dream of seismologists. In the past 15 years, there has been a lot of success in some geological situations. The direct detection depends on the presence of gas in the pore space of a reservoir rock. For the presence of gas to produce a "bright spot" (high amplitude reflection), the reservoir must have a lower velocity than the surrounding rocks, and must have fairly high porosity. Fig. 9 illustrates this point. The reflection coefficient for a gas-filled sand underlying a shale is plotted as a function of depth for typical US. Gulf Coast sediments. The reflection coefficient drops rapidly below about 1500 m, and below 2000 m it is not large enough to be outstanding. There are differences between the reflection amplituda of gas-filled and water-filled sands at greater depths, but they are small and harder to detect. In the Gulf Coast, bright spot techniques have been much more successful with shallow gas than with deeper gas.
There is a further problem with interpreting amplitude anomalies. A continuous variation occurs in nature between a 100-percent water-filled sand and a 100-percent gas-filled sand. A small amount of gas produces the maximum effect on velocity, so a prominent bright spot may be caused by a sand with only 10 percent gas. Such a reservoir is usually noncommercial.
E. Frequency Limits
The earth attenuates seismic energy. Although it is not clear exactly how this attenuation takes place, it is known to be very close to a constant number of decibels per wavelength for a given sedimentary sequence for all frequencies of interest in seismic exploration. Therefore, short wavelengths will be attenuated more than long wavelengths for any given travel path. Measured values range from about 0.1 to 0.9 dB per wavelength. The average for sedimentary rocks is about 0.3 dB per wavelength. These figures can be easily translated into a more readily understood unit: for any given propagation path, the number of wavelengths is equal to the velocity multiplied by the propagation time and divided by the wavelength; the wavelength is equal to the velocity divided by the frequency, so the number of wavelengths is equal to the product of frequency and propagation time. The attenuation is therefore proportional to the product of frequency and propagation time, with the same numerical constant as for wavelength.
For example, with the average attenuation of 0.3 dB per wavelength, seismic data are attenuated 0.3 dB/Hz/s.
In theory, we can compensate for the loss of high frequencies by using a suitable deconvolution operator to convert the earth's transmission signature to a spike; but this would only work if the recording system could resolve the small high-frequency signal in the presence of the large low-frequency signal, and there was no noise added. tn practice, trying to improve resolution by deconvolution does work, but only over the frequency range where the signal exceeds the noise in amplitude.
Frequency-dependent attenuation limits the highest frequency we can record usefully at any reflection time. Consider a recording system where the energy source and the geophones have equal output at all frequencies, and the recording system has a converter resolution of 12 bits.
Converter noise will be 72 dB below signal level, assuming the floating-point amplifier is perfect. If attenuation is 0.3 dB per wavelength, signal components of 240 Hz will disappear into the converter noise at 1 s, 120 Hz at 2 s, and so on. In practice, there are other considerations which limit the maximum frequency. The attenuation is not constant with depth (it tends to be higher at shallow depths, and varies with the type of work), neither source nor receiver has equal output at all frequencies, the floating-point amplifier does not always drive the analog-to-digital converter near full scale, and converter noise is only one of many sources of noise in the recording and processing system. However, a useful practical rule is that the maximum frequency component which can be recovered in a seismic reflection is
where f is the maximum frequency component in a reflection at time t, and k is a constant which is approximately 150. Usable seismic reflections are often recorded from geological interfaces with reflection coefficients as low as 0.01.
Geological stratification is very frequently small in scale relative to the wavelength of seismic waves (see above, in the discussion of resolution), so the reflection coefficient sequence often includes many alternations of positive and negative values within one wavelength. This means that reflection coefficients viewed on the scale of seismic waves are smaller than the fine-scale variations actually present. The main effect of the fine-scale variations is to attenuate high frequencies as short period multiple reflections contribute to the reflection waveform [4]. The fine layering of sedimentary rocks is also partly responsible for the anisotropy often observed: horizontal velocities are higher than vertical velocities because the vertical velocities are an average of individual layer velocities, but the horizontal velocities are close to the fastest individual layer velocity.
F. Finding Stratigraphic Traps
Where two reflectors gradually converge, as in the pinchout type of stratigraphic trap, it is sometimes possible to interpret the interval between them beyond the point at which the reflections merge by measuring the amplitude of the composite reflection. This type of interpretation relies on the acoustic impedance of all three layers remaining constant across the zone of thinning, which is a mathematically convenient but geologically unlikely situation.
There are also problems when we try to find other stratigraphic traps. Finding a change in facies by seismic methods is difficult at best. The porous and permeable reservoir may have an acoustic impedance lower than that of the impermeable sediments surrounding it. Depending on the nature of the overlying sediments, the reduction in acoustic impedance may give a stronger reflection (if the overlying rock has a higher acoustic impedance than the impermeable facies of the target) or a weaker reflection (if the opposite is true). The best way to find such a prospect is by developing an understanding of the depositional environment, so that the location of favorable facies can be predicted.
As mentioned earlier, a reef is usually a steep-sided block of limestone, often surrounded by shale. As such, it is easily seen on a seismic section. The limestone of the reef has a high acoustic impedance relative to the surrounding shale, so it will produce a good reflection; the edges may be too steep to be mapped, but they can be located from the disappearance of the top reflection; and the high velocity of the reef material will cause an apparent high on all the deeper reflections.
if the reef lies on a flat limestone platform, as is common, and another flat limestone bed overlies it, the reef will have only a small reflection coefficient at its top and bottom. However, the shale to each side of the reef will have a high contrast with the limestone, and the reef will show on a seismic section as a "dim spot" in the reflection from the shale.
i n most cases then, if the record quality is resonably good, reefs can be easily located on a seismic section. A few problems remain: reefs are usually not linear, so a seismic line cannot be placed so that there are no (or only gradual) changes across the line, an assumption in most processing: reefs are often small in area, so they may be missed by a grid of seismic lines; and the reef is usually not porous and permeable throughout.
V. RECENT DEVELOPMENTS
A. Seismic Stratigraphy
"Stratigraphy" is "The inorganic side of historical geology, or the development through the successive geological ages of the earth's rocky framework or
Seismic stratigraphy is the study of stratigraphy using the reflection seismic method as the sole or principal tool. It was developed as a systematic science during the early 1970s by a group at Exxon Production Research Co., led by P. R. Vail. The development was spurred by the need to interpret seismic data from the Continental Shelf in many areas where there was no well information, and no onshore outcrop to aid the interpreter.
When a geologist maps rocks, he divides them into units which are deposited as a moderately continuous sequence, bounded at the top and bottom by an unconformity. These units are called depositional sequences. Vail and his CO- workers recognized that these sequences can often be identified on a seismic reflection section.
The first step is to identify these sequences. An interpreter does so by recognizing surfaces of discontinuity. This differs from the conventional procedure of mapping a usable or useful reflection. Surfaces of discontinuity are marked by reflections ending against them. Once all reflection terminations have been identified, the surfaces of discontinuity can be picked by interpolating in the places where they are conformable, that is, parallel to the reflections.
Each seismic sequence is evidence of a depositional sequence, and has its own areal distribution, distinctive internal depositional pattern, and corresponding geological history.
The next step is seismic facies analysis. From the internal structure of the seismic sequence the interpreter deduces the lithology and depositional history of the sequence. This is the part of the interpretation which is most dependent on the interpreter's experience and the least mechanical.
The boundaries of seismic sequences are often related to changes in sea level. Many cyclic changes in sea level can be correlated on a global basis; other changes may be local or regional. Vail [6] recognized two first-order global cycles with a duration of 200 to 300 million years, more than 14 second-order cycles (IO to 80 million years), and more than 80 shorter third-order cycles.
Correlation of global changes and the local seismic sequences allows the interpreter to establish the age of a sequence even when there is no nearby outcrop or well control.
€3. Seismic Attributes
A seismic trace is a time series: we can think of it as an analytic signal with both real and imaginary parts, of which we only record the real part. Using a Hilbert transform we can generate the imaginary part, or "quadrature trace," and so at any point on the complex trace we can calculate its phase and amplitude, or "reflection strength." These are the basic attributes computed in complex trace analysis.
Other attributes may be computed from these two. For example, the polarity of a reflection is important in the interpretation of its significance. Each reflection is seen as a maximum in the amplitude function; the polarity at this point is an indicator of whether the reflection is generated by a positive or a negative acoustic impedance contrast. The instantaneous frequency may be computed: it is the time derivative of the phase angle.
C. Displaying Multiple Quantities
One of the problems with displaying seismic data is that we need to display a three-dimensional data set on twodimensional paper. Basic seismic data have the dimensions of distance (along the line of traverse), reflection time, and amplitude. The normal variable area display is shown in Fig.  1 , This display mode is very limited in the range of values it can display effectively.
One way of solving the problem is to use color to display the third dimension. if a suitable color scale is chosen, almost any dynamic range can be displayed. The use of color is particularly important for displaying attribute data, where the actual values have more meaning than for the basic seismic trace.
Color displays have been used for more than 10 years, but have never been very popular because of the high cost of production and the difficulty of reproduction. Recently, the development of high-resolution color video displays and their use on interpretative workstations have made color more common, but the problem of reproduction remains.
D. Shear Waves
For many years, seismic interpreters have been attracted to the possibility of recording data using transverse elastic waves, or shear waves (S-waves). While P-waves alone can only tell the interpreter about changes in acoustic impedance, if the corresponding information from S-waves were available a full set of elastic constants could be deduced (if variations in density are ignored). All elastic properties of an isotropic solid can be defined if both P-wave and S-wave velocities are known.
The obvious way of recording S-wave reflections is to devise a source of shear wave energy, and conduct conventional seismic operations using this source and horizontally DENHAM: SEISMIC INTERPRETATION polarized geophones. Data recorded like this look very similar to conventional P-wave data, except that reflection times are about twice as long, the frequencies recorded are about an octave lower, and the ratio of signal to noise is usually lower. Inverting an S-wave section to "velocity" is usually less reliable than for P-wave sections in the same area. Further, it is often difficult to relate the S-wave section to the P-wave section. A good reflection on the P-wave section may be very weak on the S-wave section, and vice versa. The ratio of velocities, although it is often close to 2.0, ranges from about 1.4 to 3.6 or more [7] so simply multiplying the time scale by a constant factor will not bring the two sections into agreement.
Difficulty in using the S-wave section is the main reason why S-wave recording was only 0.93 percent of seismic reflection surveys for petroleum in the U.S.A. in 1982, and a negligible fraction elsewhere [SI.
Offshore, where both the source and the receiver are immersed in a fluid, no S-waves can be produced by the source or detected by the receiver. But part of the incident energy (P-wave) is converted to S-waves at the sea floor. These S-waves propagate in the same way that ordinary S-waves do, and reflected energy reaching the sea floor from below is partly converted back to P-waves. The recorded data contain a mixture of P-and S-waves: which type appears on the processed section depends on the processing parameters. Note that the recording procedure is identical with normal P-wave recording [9].
On land, if the source is a shot in a drilled hole, the surface of the earth may act as a converting interface, so that energy traveling upwards from the shot is partly converted to reflected S-waves. This gives the equivalent of a source of downgoing S-waves. The shear wave reflections can then be detected with horizontally polarized geophones aligned in the vertical plane containing the source and the receiver [IO].
E. The Third Dimension
All conventional seismic exploration records data along a line of traverse. Ideally, these are processed and interpreted so that the final interpretation is a vertical cross section of the earth through the surface line. In processing we make the approximation that there is no dip in the cross-line direction. In interpretation, we cannot make this assumption, so we plan another, parallel, line close enough to detect any changes in the cross-line direction which are significant to our search for oil or gas. Further lines are recorded until the whole of the area of interest is covered by parallel lines. Many interpreters also ask for a smaller number of lines to be shot at right angles to these dip lines, so that the whole area is covered by a rectangular grid of seismic lines.
in some areas, there is no defined dip direction, and variations occur in any direction. In such a case, we have two factors which push us into changing our thinking: the assumption in processing that everything is in a vertical plane through the surface line is no longer a reasonable approximation; and the required line spacing becomes comparable with the geophone group spacing along the lines. We need "3D" shooting: recording seismic data on a regular grid so that it can be processed as a three-dimensional (3D) array, with two space dimensions and one time dimension.
Recording 3D data is expensive, but does not involve any technological breakthroughs. On land, if more recording channels are available they can be used to record several lines of data from each source point. Conventional recording might usefully employ 48 recording channels each side of the source. In a 3D survey, we could use the same density of sampling in two dimensions over a circular area with a radius equal to the furthest offset from source to receiver. If this furthest offset is 48 receiver station intervals, the 3D survey could usefully employ about 7200 recording channels. As yet, no recording system has been put into the field with more than 1024 channels, but 3 0 surveys can still be done. We just need more source points.
The processing of 3D data is another matter. A typical 3 0 survey, covering only a few square kilometers, takes literally months to process, with large computers working 24 h per day.
To interpret 3D data, we need to analyze a 3 0 array of data, rather than a series of two-dimensional (2D) sections. Attempts to display, the 3D data volume as a whole have not been very successful. The best way of interpreting 3D data is to display selected vertical sections and hterpret them as 2D data would be interpreted; then join the sections by displaying a horizontal slice through the data at the level of each contour; and follow the target reflection on each slice [Ill. This is usually done on an "interpreter's workstation."
F. Future Developments
The industry is moving slowly towards "paperless" interpretation. The concept of an interpreter's workstation with access to a database containing the seismic and other geological data needed for an interpretation will make'the interpreter more efficient, and will allow him to prepare alternative interpretations of the same data set. Such workstations will not be adopted universally and immediately. Much seismic interpretation is done by geophysicists working alone or in small groups: consultants, those working for small companies, and those working in small district offices of large companies. These organizations do not have the capital resources for the present generation of workstations, or for the mainframe or "supermini" computers that many of them need for support. But newer and less expensive stand-alone workstations are being developed, suitable for use in the smallest interpretation office.
A further development will be blurring of the distinction between processing and interpretation. As interpreters become used to using computers, they will insist on being more closely involved in seismic data processing. It is well known, though rarely mentioned, that all seismic data processing is an interpretation. This involvement will be made easier by processing systems becoming smarter (in the artificial intelligence sense).
VI. FURTHER READING
There are several books now available on seismic interpretation. The most thorough of them is by Anstey (121.
Although this book is not very professionally produced (it is the notes from a short course) the material in it is excetlent, and Anstey is a very readable author. However, it assumes considerable experience in seismic exploration.
A more elementary book, which is distinguished by some detailed case histories of successful seismic exploration, was written by McQuillin, Bacon, and Barclay (131. For those who have no prior knowledge of geophysics at all, I recommend Coffeen's book, especially the section on interpretation [14] . This is a very superficial treatement, but would be a good introduction to one of the two books mentioned above.
Recently the AAPG published a three volume collection of seismic sections illustrating almost all types of geological feature encountered in the earth's crust [15] . While the list price of 120 dollars puts it beyond the reach of the casual reader, it is a unique reference work for anyone who wants to examine seismic data from a wide range of geological provinces.
Seismic stratigraphy is covered by the AAPC Memoir [I61 which is, unfortunately, out of print, but should be available in many libraries. A less thorough but better organized and more recent book on seismic stratigraphy has been written by Sheriff [17] .
There are also some good examples of seismic interpretation in more general books on petroleum exploration. The AAPG volume on subtle traps [I81 has numerous excellent examples of seismic interpretation and its integrafim into a geological interpretation.
One thing is missing in the literature: adequate treatment of unsuccessful seismic interpretation. Most seismic interpretation is incorrect, usually disastrously so. That is one reason why the vast majority of exploration wells do not find significant amounts of oil or gas.
